Summary
The conserved Hippo signaling pathway acts in growth control and is fundamental to animal development and oncogenesis [1] [2] [3] . Hippo signaling has also been implicated in adult midgut homeostasis in Drosophila. Regulated divisions of intestinal stem cells (ISCs), giving rise to an ISC and an enteroblast (EB) that differentiates into an enterocyte (EC) or an enteroendocrine (EE) cell [4] [5] [6] , enable rapid tissue turnover in response to intestinal stress [7] [8] [9] [10] [11] [12] [13] [14] [15] . The damage-related increase in ISC proliferation requires deactivation of the Hippo pathway and consequential activation of the transcriptional coactivator Yorkie (Yki) [16] [17] [18] in both ECs and ISCs [19] [20] [21] [22] . Here, we identify Pez, an evolutionarily conserved FERM domain protein containing a protein tyrosine phosphatase (PTP) domain, as a novel binding partner of the upstream Hippo signaling component Kibra [23] [24] [25] [26] . Pez function-but not its PTP domain-is essential for Hippo pathway activity specifically in the fly midgut epithelium. Thus, Pez displays a tissue-specific requirement and functions as a negative upstream regulator of Yki in the regulation of ISC proliferation.
Results and Discussion

Pez Is a Binding Partner of the Hippo Pathway Component Kibra and Regulates Growth
The WW domain protein Kibra has recently been shown to function as a tumor suppressor in the Hippo pathway [23] [24] [25] [26] . Because Kibra is an adaptor molecule, we attempted to identify physical binding partners of Kibra to further explore upstream Hippo signaling. Affinity purification-mass spectrometry (AP-MS) analysis with Kibra as bait identified Pez as a novel interaction partner of Kibra in Drosophila cultured cells (data not shown). The same result was recently obtained by Artavanis-Tsakonas and coworkers in a large-scale proteomic study of Drosophila cultured cells [27] . We confirmed the binding between Pez and Kibra by reciprocal coimmunoprecipitation (co-IP) experiments with epitope-tagged proteins ( Figures 1A and 1B) . Furthermore, a yeast two-hybrid (Y2H) experiment revealed that the Kibra-Pez interaction is robust and direct (Figure S1A available online).
To address a possible function of Pez in the Hippo pathway, we used two loss-of-function alleles of Pez that were generated by different methods. Pez 1 is an EMS-induced allele resulting in an early premature translational stop codon ( Figure 1N ). Pez 2 was generated by imprecise excision of the P element P{GawB}NP4748, removing most of the Pez coding sequence ( Figure 1N) Figure S1B ) and increased expression of the starvation marker genes lipase-3 [28] and 4E-BP [29] (Figure S1C) . Clones of Pez mutant cells in larval fat bodies did not affect lipid droplets, thus excluding a fat body-autonomous requirement for Pez in lipid metabolism ( Figure S1D) . Surprisingly, overexpression of Drosophila Pez in the developing eye or wing decreased the size of the adult organs ( Figures 1G-1J ), indicating that Pez restricts growth rather than promoting it. We propose that the starvation-like phenotype of Pez mutants is due to indirect effects on metabolism arising from a failure in nutrient utilization. Clones of Pez mutant cells in wing imaginal discs did not show growth defects in comparison to their corresponding wild-type sister clones (Figures S1E and S1F). However, Pez mutant flies exhibit hyperplasia and extensive multilayering of the adult midgut epithelium ( Figures 1K, 1L , and S1G-S1I). One copy of gPez restores normal tissue architecture ( Figure 1M ). The structure of the larval midgut epithelium, as well as that of the other larval and adult epithelia, is not disturbed in Pez mutants (data not shown). Thus, Pez specifically functions to restrict growth of the adult midgut epithelium.
Pez Restricts Adult ISC Proliferation via Control of the EGFR and JAK/STAT Pathways
To visualize proliferation in the adult midguts, we stained for cells in mitosis with a phospho-Ser10-Histone H3 (pH3) antibody. Pez mutant guts showed elevated numbers of pH3-positive cells (Figures 2A-2C , arrows in Figures 2A and 2B ). pH3 staining was found only in small, isolated cells whose morphology and distribution identified them as ISCs. escargot (esg)-lacZ is expressed in ISCs and EBs, commonly referred to as midgut progenitor cells [4] . In Pez mutant guts, the number of esg-lacZ-expressing cells was increased and esg-lacZ was no longer restricted to pairs of progenitor cells but was also seen in larger cells (Figures 2A, 2B , and S2A). Occasionally, the latter were weakly positive for staining against the EC marker POU domain protein 1 (Pdm1) [30] , suggesting that b-galactosidase from esg-lacZ persisted in mature, differentiated cells ( Figure S2A ). To specifically mark the ISCs, we used Delta (Dl)-lacZ [6, [31] [32] [33] . Pez mutant midguts contained more Dl-lacZ-positive cells than control guts ( Figures 2D, 2E , S2B, and S2C). All pH3-positive cells were also positive for esg-lacZ and Dl-lacZ (Figures 2A and 2B , data not shown). According to the expression of the EC markers Myo1A (EC-specific Myo1A-Gal4 driving UAS-GFP) (Figures 2D 0 and 2E 0 ) and Pdm1 ( Figures S2A and S2B ) and the EE cell marker Prospero (Pros) [4, 5] 
(Figures 2D
00 and 2E 00 ), ECs and EE cells were still able to specify and differentiate in the absence of Pez and were increased in numbers ( Figure S2C ). b-galactosidase from Dl-lacZ did not persist in ECs and persisted in only a few EE cells (Figures 2D 00 , 2E 00 , and S2B), suggesting that the enhanced occurrence of Dl-lacZ-expressing cells in Pez mutant midguts reflects an increased number of adult midgut progenitor cells. Because the gain in Dl-lacZ-positive cells exceeded the gain in differentiated cells ( Figure S2C ), we propose that symmetric divisions expand the pool of ISCs in Pez mutant adult midguts. A similar change in the mode of stem cell division has recently been reported [34] . Thus, Pez restricts the number and the proliferation rate of adult midgut ISCs but is not required for intestinal cell differentiation. Pez mutant larval midguts did not show an increase in pH3-positive or esg-lacZ-expressing cells, indicating that Pez controls intestinal proliferation specifically in the adult ( Figures S2D-S2F ).
ISC proliferation is regulated by EGFR and JAK/STAT signaling [14, 31, 32, [35] [36] [37] . Upon intestinal stress, Yki is activated in ECs where it promotes production of cytokines of the Unpaired (Upd) family as well as of EGFR ligands, thereby triggering a nonautonomous upregulation of ISC proliferation [20] [21] [22] . In parallel, Yki-dependent autocrine production of Upds further promotes ISC proliferation [19] [20] [21] . Intestinal stress induces multiple EGFR ligands and Upds, but the increase in transcript levels is strongest for vein (vn) and unpaired 3 (upd3), respectively [14, 20, 22] . To examine whether the intestinal hypertrophy of Pez mutants is caused by elevated EGFR or JAK/STAT signaling, we quantified the expression of vn and upd3 in Pez mutant adult midguts by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Expression of vn was approximately 20-fold higher, and the expression of upd3 increased about 4-fold ( Figure 2F ), as compared to wild-type guts. Consistently, we observed an enhancement in EGFR pathway activity as monitored by staining for dpERK ( Figures 2G and 2H) , as well as an increased expression of the JAK/STAT pathway reporter gene 10xSTAT-dGFP (Figures 2I and 2J) . The Jun N-terminal kinase (JNK) pathway is also part of the gut regeneration response, and ectopic activation of JNK is sufficient to induce ISC proliferation as well as Yki target gene expression [7, 9, 11, 14, 38] . To exclude the possibility that Pez restricts JNK signaling, we used the JNK reporter puckered E69 (puc E69 )-lacZ. puc E69 -lacZ was expressed at low levels by scattered ECs in both Pez mutant and control guts ( Figures S2G and S2H) , suggesting that Pez acts downstream of JNK signaling in the Hippo pathway.
Pez Restricts the Activity of Yki
To show that Pez loss-of-function phenotypes arise because the Hippo pathway fails to inhibit the downstream transcriptional coactivator Yki, we analyzed the consequences of reducing the function of yki in Pez mutants. Removal of a single copy of yki rescued the body size defect of Pez mutant flies ( Figures 3A-3C ) as well as the overabundance of mitotic cells ( Figure 3D ) and the induction of vn observed in Pez mutant adult midguts ( Figure 3E ). Furthermore, Pez mutant guts showed increased transcript levels of a direct transcriptional target gene of Yki, Drosophila inhibitor of apoptosis protein-1 (Diap1) [39] (Figure S3A ), as well as an upregulated expression of a Diap1 enhancer element (diap1-GFP4.3) that had been published to be a minimal Hippo responsive element (HRE) [40] (Figures 3F-3H ). Enhanced diap1-GFP4.3 expression was reduced by removal of one copy of yki ( Figures  S3B-S3D) . Induction of diap1-GFP4.3 was not uniform, but was most evident in the anterior and posterior regions of Pez mutant midguts (data not shown). In the wild-type, diap1-GFP4.3 expression was weak and restricted to pairs of progenitor cells ( Figure 3F , inlay in Figure 3F 0 ), whereas Pez mutant midguts showed strong diap1-GFP4.3 expression in both small cells and large, polyploid cells ( Figures 3G and  3H ). Small diap1-GFP4.3-positive cells showed a substantial overlap with Dl-lacZ expression ( Figures 3G, 3H , and S3E). In contrast, large diap1-GFP4.3-positive cells never expressed Dl-lacZ and were often positive for the mature EC marker Pdm1 ( Figures 3H and S3E ). In addition, Yki activity was increased in Dl-lacZ-negative and Pdm1-negative cells that could be EBs or immature ECs ( Figures 3G, 3H , and S3E). EE cells never expressed diap1-GFP4.3 (data not shown). Loss of Pez function in clones of mutant cells that were induced in the adult midgut epithelium caused delamination from the epithelium into the gut lumen ( Figures S3F and S3G) , precluding statistical evaluation of clone size. Nevertheless, the diap1-GFP4.3 reporter was upregulated in clones of Pez mutant cells (Figures 3I and 3J) . Thus, Pez is required in the adult midgut epithelium to suppress transcriptional activity of Yki. Interestingly, the small eye phenotype associated with overexpression of Pez during eye development is partially rescued by co-overexpression of Diap1 and CycE, two target genes of the Hippo pathway ( Figures S3H-S3K) , suggesting that the Pez gain-of-function phenotype in imaginal tissues is, at least in part, also due to reduced activity of Yki.
Pez Functions as an Adaptor Protein Regulating Hippo Signaling in Adult Midgut ECs
In order to identify the cell types in which Pez functions, we employed cell type-specific Gal4 drivers. First, we used the EC-specific Myo1A-Gal4 to express either UAS-Pez or a hairpin RNAi construct directed against yki (UAS-yki IR ) in a Pez mutant background. The presence of UAS-Pez alone, without a Gal4 driver, rescued the size defect of Pez mutant flies but not their adult midgut phenotypes ( Figures S4A, 4A , and 4B). In contrast, Myo1A > UAS-Pez; Pez mutant adult midguts as well as Myo1A > UAS-yki IR ; Pez mutant guts displayed rescue of both the excess number of pH3-positive cells and induction of vn normally seen in Pez mutants (Figures 4A  and 4B ). Myo1A > UAS-yki IR ; Pez mutant flies had normal body size, and therefore dysfunction of larval ECs probably underlies the size defect of Pez mutant flies ( Figure S4A ). We conclude that Pez functions in ECs to control Yki-driven ISC proliferation. Consistently, overexpression of Pez under the control of Myo1A-Gal4 inhibited the burst of ISC proliferation triggered by intestinal stress resulting from feeding of the EC damaging agent Bleomycin [7] in adult wild-type flies (Figure 4C) . At unstressed conditions, overexpression of Pez had no effect on intestinal morphology or ISC proliferation (data not shown and Figure 4C ). Intestinal stress did not affect the expression or localization of Pez ( Figures S4B-S4D ). To restrict overexpression to ECs in the adult midgut, transgene expression was placed under the control of Myo1A-Gal4 and temporally restricted by use of temperature-sensitive GAL80 (Myo1A ts ). Adult Pez mutant flies were shifted to the nonpermissive temperature in order to activate transgene expression. Knockdown of yki or overexpression of hippo (hpo), which encodes the serine-threonine kinase that serves as the first step in the Hippo pathway core kinase cascade [1] [2] [3] , specifically in adult ECs partially rescued the Pez adult midgut phenotypes ( Figures 4D and 4E) . Thus, Pez is needed in adult ECs but there is an additional requirement for Pez in gut formation during pupal development. Consistently, midguts from freshly eclosed Pez mutant virgins displayed supernumerary esg-lacZ-positive and diap1-GFP4.3-positive cells ( Figures  S4E and S4F) . Under the high-temperature conditions of the Myo1A ts experiment, UAS-Pez alone substantially rescued excess mitoses in Pez mutant midguts, but the rescue was improved by presence of Myo1A-Gal4 (data not shown). Similarly, overexpression of UAS-Pez specifically in the adult ISC population of Pez mutant flies (using ISC-specific Dl-Gal4 combined with GAL80 ts , Dl ts ) significantly decreased the number of pH3-positive cells as compared to presence of UAS-Pez alone ( Figure 4F ). Although knockdown of yki with Dl ts had no clear effect, overexpression of hpo caused a pronounced reduction in the number of mitotic cells (Figure 4F) . We conclude that Pez has an autonomous function in ISCs that appears to depend on Hippo signaling. Importantly, the functional GFP-tagged Pez encoded by the genomic rescue construct was expressed in the adult midgut epithelium (Figures 4G and 4H) . gPez-GFP localized to the apical surfaces of adult midgut ECs and to the cellular cortex of esg-lacZ-expressing precursor cells (Figures 4G and 4H ). To our surprise, genomic GFP-tagged Pez was also expressed in wing and eye imaginal discs and localized to the apical membrane domain of imaginal disc cells (data not shown and Figure S4G ), suggesting that Pez plays a redundant role in these tissues.
The Pez protein contains two conserved structural elements: an amino-terminal FERM domain (band 4.1-ezrinradixin-moesin family of adhesion molecules) and a carboxyterminal protein tyrosine phosphatase (PTP) domain [41] ( Figure 4I) . A truncated version of the protein lacking the FERM domain (DFERM-Pez) or a phosphatase-dead protein (Pez PD ) still rescued the Pez mutant gut phenotype when overexpressed in ECs ( Figure 4B ). However, overexpression of DFERM-Pez in the developing wing failed to decrease wing size, whereas overexpression of Pez PD or of a truncated protein lacking the PTP domain (DPTP-Pez) caused a similar phenotype as overexpression of wild-type Pez (Figures S4H-S4L) , suggesting that the FERM domain is required for the growth-regulatory function of endogenous Pez but becomes dispensable when DFERM-Pez is overexpressed in ECs. In contrast, the potential phosphatase activity of Pez [41] is clearly not needed for its function in growth control.
Two other FERM domain proteins, Merlin (Mer) and Expanded (Ex), act in upstream Hippo signaling to control organ size in Drosophila [42] [43] [44] [45] . Together with the WW domain protein Kibra, Ex and Mer constitute the KEM complex that assembles at the apical junction of epithelial cells and regulates the core Hippo pathway kinase cassette [23] [24] [25] . Overexpression of Kibra, Ex, or Mer in ECs of Pez mutant flies significantly suppressed the Pez gut phenotypes (Figures S4M  and S4N ). Thus, Pez is not an essential mediator of Hippo signaling downstream of the KEM complex. Mer and Ex did not detectably coimmunoprecipitate with Pez in Drosophila S2 cells (data not shown). However, Kibra and Pez coimmunoprecipitated ( Figures 1A, 1B , and 4J) and colocalized ( Figures S4O and S4P ) in S2 cells. This was dependent on the first WW domain of Kibra ( Figures 4J, S4O, and S4P) , whereas the FERM and PTP domains of Pez as well as two potential ligands of WW domains, a PPPY motif and a PPSGY motif, in the central linker region of Pez were dispensable (Figure 4J) . A fragment encompassing a proline-rich stretch of Pez (amino acids 368-627; Pez Pro ) was sufficient for the binding to Kibra ( Figure 4J 0 ), whereas the remaining linker region (amino acids 622-967; Pez Link ) did not bind Kibra ( Figure 4J 0 ). Importantly, knockdown of Kibra via Myo1A-Gal4 caused mild overgrowth of the adult midgut epithelium (data not shown), and overexpressed Kibra recruited gPez-GFP from the cell cortex of ECs into cytoplasmic punctae ( Figures 4K and 4L) . The subcellular localizations of overexpressed Kibra, Ex, or Mer were not affected when Pez was absent (data not shown). We conclude that Pez and Kibra function together in a protein complex to regulate Hippo signaling in adult midgut ECs.
Our results establish that the Drosophila Pez protein acts as a component of upstream Hippo signaling, restricts transcriptional activity of Yki in epithelial cells of the adult midgut, and plays a crucial role in the control of ISC proliferation. Importantly, the involvement of Hippo signaling in intestinal regeneration is conserved in the mammalian system [46, 47] . The two mammalian homologs of Drosophila Pez are the widely expressed, cytosolic nonreceptor tyrosine phosphatases PTPD1/PTPN21 and PTPD2/PTP36/PTPN14/Pez. All three proteins share a similar domain structure including the well-conserved terminal FERM and PTP domains [41, 48, 49] . The central region shows extensive sequence divergence but it contains several shorter regions of conservation that may function as adaptors in signal transduction [41] . PTPD1 is a component of a cortical scaffold complex nucleated by focal adhesion kinase (FAK) and thus regulates a proliferative signaling pathway through a scaffolding function [50] . PTPD2 has been implicated in the regulation of cell adhesion [51] , as an inducer of TGF-b signaling [52, 53] , and in lymphatic development of mammals and choanal development of humans [54] . Interestingly, PTPD2 is a potential tumor suppressor, based on sporadic mutations in breast cancer cells and colorectal cancer cells [55, 56] . It is tempting to speculate that mammalian PTPD2 shares the function of its fly homolog as a component of Hippo signaling that restrains the oncogenic potential of gut regeneration.
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